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PREFACE 


This  report  analyzes  the  propagation  of  horizontally  (TE)  and 
vertically  (TM)  polarized  VLF/LF  signals  between  airborne  terminals. 
Signal  dependence  on  ground  conductivity,  state  of  the  ionosphere,  and 
aircraft  elevation  is  calculated.  The  results  are  applicable  to  links 
between  airborne  transmitters  and  TAGAMO  VLF/LF  relay  aircraft. 

Portions  of  this  report  were  presented  at  the  Meeting  of  the 
Electromagnetic  Wave  Propagation  Panel  (Medium,  Long  and  Very  Long 
Wave  Propagation)  of  the  North  Atlantic  Treaty  Organization  (NATO) 
Advisory  Group  for  Aerospace  Research  and  Development  (AGARD)  held  in 
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SUMMARY 


This  report  compares  the  excitation  and  propagation  of  VLF/LF 
transverse  electric  (TE)  and  transverse  magnetic  (TM)  long  waves  in 
the  earth-ionosphere  waveguide.  It  calculates  the  dependence  of  TE 
and  TM  mode  parameters  on  three  factors:  (1)  ground  conductivity, 

(2)  state  of  the  ionosphere,  and  (3)  elevation  of  terminals  above  the 
ground.  It  also  briefly  addresses  the  effects  of  atmospheric  noise 
and  ground-based  jammers  on  the  performance  of  TE  links.  Results  are 
given  for  frequencies  between  20  and  50  kHz. 

Only  TM  signals  are  efficiently  radiated  by  ground-based  trans¬ 
mitters.  However,  TE  signals  are  strongly  excited  by  nearly  horizontal 
trailing-wire  antennas  at  elevations  exceeding  20  kft  and,  thus,  can 
be  important  for  air-to-air  links.  Poorly  conducting  ground  heavily 
degrades  TM  propagation,  but  it  will  not  affect  TE  propagation  if  the 
terminals  are  elevated  at  least  5000  ft.  TE  signals  are,  therefore, 
better  suited  than  TM  signals  for  air-to-air  links  that  traverse 
Greenland  and  much  of  Canada.  For  paths  over  highly  conducting  ground, 

TM  signals  suffer  less  degradation  than  TE  signals  during  intense  dis- 
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turbances;  for  ground  conductivities  less  than  about  10  mhos/m, 
however,  TM  signals  are  more  adversely  affected.  TE  signals  also  pro¬ 
vide  protection  against  ground-based  jammers  under  disturbed  iono¬ 
spheric  conditions  where  geomagnetic  conversion  is  slight. 
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I .  INTRODUCTION 


Trailing-wire  transmitting  antennas  are  used  on  airborne  command 
posts  and  TACAMO  very- low- frequency  (VLF) /low-frequency  (LF)  relay  air¬ 
craft.  During  high-speed  operations,  such  antennas  trail  behind  the 
aircraft  in  a  nearly  horizontal  orientation,  causing  most  of  the  radi¬ 
ated  energy  to  be  horizontally  polarized.  Because  the  resulting  trans¬ 
verse  electric  (TE)  energy  could  play  an  important  role  in  communication 
links  between  command  post  and  TACAMO  aircraft,  Pacific-Sierra  Research 
Corporation  (PSR)  has  investigated  the  potential  benefits  to  be  gained 
from  exploiting  such  energy. 

The  present  report  compares  the  propagation  of  TE  and  transverse 
magnetic  (TM)  long  waves  in  the  earth- ionosphere  waveguide.  It  calcu¬ 
lates  the  dependence  of  TE  and  TM  mode  parameters  on  three  factors: 

(1)  ground  conductivity,  (2)  state  of  the  ionosphere,  and  (3)  elevation 
of  terminals  above  the  ground.  Results  are  given  for  frequencies  be¬ 
tween  20  and  50  kHz,  which  include  the  most  commonly  used  portions  of 
the  VLF  and  LF  bands. 

Before  air-to-air  links  were  deployed,  VLF/LF  communications  were 
carried  out  with  at  least  one — and  often  both — terminals  on  the  ground 
or  in  the  sea.  Under  such  conditions,  only  TM  signals  are  excited 
efficiently  enough  to  be  of  interest.  Because  they  have  been  used 
longer,  TM  signals  have  been  more  thoroughly  analyzed  and  measured 
than  TE  signals.  However,  a  fair  amount  of  experimental  and  analytic 
work  has  been  done  on  TE  mode  properties.  Lewis  and  Harrison  [1975] 
used  a  balloon-borne  probe  to  measure  a  strong  TE  polarized  wave  from 
an  airborne  LF  transmitter.  More  recent  rocket-borne  measurements'  o'f' 
signals  from  airborne  transmitters  have  yielded  TE  height-gain  profiles 
across  the  entire  width  of  the  earth-ionosphere  waveguide  [Kossey  et  al. 
1981].  Pappert  [1970]  computed  the  mode  excitation  by  horizontal  di¬ 
poles  under  normal  ionospheric  conditions.  Field  [1975]  and  Field 
et  al.  [1976]  calculated  the  TE  mode  structure  and  signal  strength  from 
airborne  transmitters  under  normal  and  disturbed  ionospheric  conditions. 
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Kossey  et  al.  [1981]  have  summarized  the  available  experimental  and 
theoretical  information  on  TE  signals. 

The  research  cited  above  suggests  that  TE  signals  offer  the  follow¬ 
ing  benefits  for  air-to-air  links: 

•  Efficient  excitation  by  nearly  horizontal  trailing  wires. 

•  Filling  of  TM  interference  nulls. 

•  Protection  against  ground-based  jammers. 

•  Low  atmospheric  noise. 

•  No  degradation  by  poorly  conducting  ground,  such  as  exists 
throughout  Greenland  and  much  of  Canada. 

The  greatest  potential  disadvantages  of  TE  mode  links  are  that 
they  fl)  are  more  vulnerable  than  TM  modes  to  degradation  in  disturbed 
environments;  (2)  do  not  propagate  quite  as  well  as  TM  modes  under 
normal  conditions;  and  (3)  exhibit  a  transmission  pattern  that  has  a 
null  in  the  end-fire  direction.  (The  first  two  items  do  not  apply 
in  the  case  of  propagation  over  low-conductivity  ground.) 

Despite  the  progress  in  research  on  TE  signals,  the  benefits  to 
be  derived  from  adding  a  TE  capability  to  aircraft  have  not  been  fully 
assessed.  Experiments  on  TE  propagation  need  to  be  extended  to  paths 
traversing  regions  where  the  ionosphere  is  disturbed  or  ground  con¬ 
ductivity  is  low.  More  measurements  of  TE  atmospheric  noise  are  also 
required  to  properly  evaluate  system  performance.  Theoretical  analyses 
should  be  extended  to  (1)  treat  propagation  over  poorly  conducting 
ground  when  the  ionosphere  is  disturbed,  (2)  account  for  differences 
between  TE  and  TM  noise  when  comparing  systems,  and  (3)  determine  how 
well  a  ground-based  jammer  can  exploit  geomagnetic  conversion  as  a 
means  of  creating  horizontally  polarized  interference  at  aircraft  alti¬ 
tudes,  particularly  when  only  part  of  the  path  is  disturbed. 

This  report,  which  concentrates  on  TE/TM  performance  under  dis¬ 
turbed  conditions,  gives  detailed  theoretical  results  for  the  depen¬ 
dence  on  ground  conductivity.  It  also  briefly  considers  the  effects 
of  TE  atmospheric  noise.  Geomagnetic  conversion  of  vertically 
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♦  polarized  jamming  signals  can  be  important  when  much  of  the  propagation 

path  is  undisturbed,  but  not  when  the  widespread  disturbances  con¬ 
sidered  in  this  report  are  operative.  Therefore,  it  is  excluded  from 
the  analysis. 
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II.  PROl’ACAT ] ON  EQUATIONS 


The  detailed  equations  governing  VLF  propagation  have  appeared 
elsewhere  (e.g.,  Calejs  [19721,  Wait  [1970],  Field  et  al.  [1976)),  so 
need  not  be  repeated  here.  We  solve  them  numerically,  using  the  method 
of  Field  et  al.  [1976],  accounting  for  the  vertical  inhomogeneitv  of 
the  ionosphere  and  curvature  of  the  earth.  To  define  the  notation  and 
illustrate  the  key  dependences,  we  recapitulate  the  equations  that 
govern  the  electric  field  when  geomagnetic  anisotropy  can  be  neglected. 
That  approximation  is  very  accurate  when  the  upper  boundary  of  the 
earth-ionosphere  waveguide  is  depressed  far  below  its  normal  level; 
and  it  is  fairly  accurate  for  long-range  propagation  under  normal  day¬ 
time  conditions. 

The  TM  and  TE  waveguide  modes  do  not  exist  independently  when  geo¬ 
magnetic  anisotropy  is  important.  Instead,  they  are  coupled,  with  the 
TM  mode  having  a  horizontally  polarized  component  and  the  TE  mode  a 
vertically  polarized  component.  Under  such  conditions,  vertical  and 
horizontal  electric  dipole  antennas  will  excite  both  TM  and  TE  wave¬ 
guide  modes.  That  geomagnetic  coupling  is  most  pronounced  when  signif¬ 
icant  amounts  of  energy  penetrate  to — and  are  reflected  from — altitudes 
above  about  75  km,  where  the  gyrof requency  exceeds  the  collision  fre¬ 
quency.  Such  high  reflection  altitudes  can  occur  (1)  on  short  paths 
where  the  waves  are  steeply  incident  on  the  ionosphere,  or  (2)  during 
normal  nighttime,  when  the  ionospheric  D-layer  is  rarefied.  This  re¬ 
port  concentrates  on  disturbed  conditions,  and  therefore  does  not 
address  conditions  of  substantial  geomagnetic  coupling. 

TRANSVERSE  magnetic  modes 

Typically,  VLF/LF  transmitters  are  vertically  oriented,  and  their 
fields  are  composed  of  a  superposition  of  TM  modes.  The  vertical 
electric  field  is  given  by 


-5- 


where  the  subscript  Z  denotes  quantities  associated  with  the  Zth  TM 
mode,  IL  is  the  effective  electric  dipole  moment  of  the  transmitting 
antenna;  A  is  the  free-space  wavelength;  d  is  the  distance  from  the 
transmitter;  a  is  the  earth's  radius;  and  c  is  the  speed  of  light.  We 
have  included  a  factor  cos  ip — where  <p  is  the  angle  between  the  dipole 
orientation  and  the  vertical — to  account  for  inclined  transmitting 
antennas.  Of  course,  cos  \p  -  1  for  a  vertical  electric  dipole.  Al¬ 
though  most  quantities  are  in  MKS  units,  we  express  all  distances 
(L,  A,  d,  a)  in  megameters. 

The  quantity  S„  is  the  eigenvalue  of  the  Zth  TM  mode.  At  VLF, 

3/2 

however,  S  has  a  magnitude  close  to  unity,  so  the  term  S ^  in  Eq.  (1) 
does  not  appreciably  influence  the  field.  The  magnitude  of  the  verti¬ 
cal  electric  field  depends  on  the  state  of  the  ionosphere  through  three 
parameters:  A^,  the  excitation  factor  for  the  TM  mode;  8^,  the  attenu¬ 
ation  rate  in  decibels  per  megameter  of  propagation  (dB/Mm) ;  and  G^, 
the  height-gain  function  for  transmitter  and  receiver  heights  h^,  and 
h  ,  respectively.  The  phase  of  the  Zth  mode  is  governed  by  the  rela- 
tive  phase  velocity  v^/c.  These  propagation  parameters  must  all  be 
computed  numerically  for  model  ionospheres  having  arbitrary  height 
profiles. 

TRANSVERSE  ELECTRIC  MODES 

Airborne  VLF/LF  transmitters  use  trailing-wire  antennas  whose 
primary  orientation  is  often  horizontal.  Such  antennas  radiate  a  com¬ 
plicated  superposition  of  TM  and  TE  modes.  Here  we  avoid  much  of  that 
complexity  by  considering  broadside  propagation,  where  the  great-circle 
path  connecting  transmitter  and  receiver  is  perpendicular  to  the  plane 
containing  the  inclined  electric-dipole  transmitting  antenna. 


The  vertical  electric  field  produced  by  the  vertical  component  of 
the  inclined  transmitting  antenna  is  given  by  Eq.  (1).  The  broadside 
horizontal  electric  field  produced  by  the  horizontal  component  is  given 
by 

E  =  -120iri  e-*i/4  -IL  S-ln^  V  S~1/2  A  exp  (-  ^ 

H  fsin  d/a  /  j  m  m  ^  \  8.7  J 

'  m  '  • 


"p  (‘  ^  t  ")  WW  v/m  ' 


(2) 


The  symbols  are  the  same  as  in  Eq.  (1),  except  that  m  denotes  the  mth 
TE  mode. 


III.  NORMAL  AND  DISTURBED  IONOSPHERIC  MODELS 


Many  types  of  ionospheric  disturbances  can  affect  VLF/LF  propa¬ 
gation.  X-rays  from  solar  flares  ionize  the  D-  and  E-layers  of  the 
ionosphere  over  the  sunlit  hemisphere.  Energetic  electrons  and  protons 
from  solar  particle  events  (SPE)  ionize  the  polar  cap  at  altitudes  well 
below  those  from  which  ELF  waves  are  usually  reflected.  High-altitude 
nuclear  bursts  produce  various  prompt  and  delayed  ionizing  radiations, 
including  y-rays,  8-particles,  and  neutrons.  The  y-rays  penetrate  to 
even  lower  altitudes  than  energetic  protons  from  a  strong  SPE,  and 
thus  can  cause  much  more  severe  distortions  of  the  earth-ionosphere 
waveguide . 

In  this  report,  we  concentrate  on  SPE  and  nuclear  disturbances, 
which  cause  ionization  well  below  the  normal  ionosphere.  They  con¬ 
strict  the  earth- ionosphere  waveguide,  and  usually  degrade  propagation. 
We  do  not  consider  disturbances — such  as  X-ray  flares — that  occasionally 
enhance  propagation. 

Figure  1  shows  height  profiles  of  electron  and  positive-ion 
density  calculated  from  models  of  nominal  nuclear  environments  con¬ 
sisting  of  widespread,  high-altitude  fission  debris.  The  profiles 
shown  are  convenient  for  calculating  the  dependence  of  the  waveguide 
propagation  parameters  on  the  intensity  of  a  disturbance.  They  span 
a  wide  range  of  intensities,  but,  because  propagation  depends  on  ion¬ 
ization  height  gradient  as  well  as  intensity,  they  do  not  cover  all 
possible  cases.  Specific  events  must  therefore  be  analyzed  individ¬ 
ually.  The  "moderate"  and  "intense"  profiles  represent  levels  of  ion¬ 
ization  typical  of  strong  SPEs  as  well  as  spread-debris  environments. 

We  can  therefore  use  them  to  infer  effects  of  both  natural  and  man-made 
disturbances. 

Before  presenting  the  numerical  results,  we  briefly  review  the 
relative  importance  of  electrons  and  heavy  ions.  The  geomagnetic  field 
will  be  ignored  for  the  disturbances  considered  here,  since  the  most 
important  processes  occur  at  altitudes  where  the  electron  and  ion 


Altitude  (km) 


Fig.  l--Electron  and  ion  density  profiles  for  nominal  daytime 
normal  and  disturbed  environments 
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collision  frequencies,  Vg  and  exceed  the  corresponding  gyrofre- 
quencies.  The  ionospheric  refractive-index  height  profile  is  thus  the 
basic  input  to  predictive  codes.  Electrons  and  many  species  of  heavy 
ions  contribute  to  the  refractive  index.  In  practice — as  illustrated 
in  Fig.  1 — ionic  species  are  classified  simply  as  "positive"  or  "nega¬ 
tive,"  each  type  having  properties  determined  by  averaging  over  the 
species  actually  present.  Further,  it  is  usually  assumed  that  such 
generic  ions  have  equal  masses  and  collision  frequencies  The 

refractive  index  n  then  takes  the  simplified  form 


2 

n 


1 


sa  -i 


ue_M  v 
0  e  e 


2M  v 
e  e 

M.  v. 
i  l 


(3) 


where  q  is  the  electron  charge,  oj  is  the  angular  frequency,  N  is  the 

+  e 
electron  density,  and  N  is  the  density  of  the  "average"  positive  ion. 

The  factor  of  two  in  Eq.  (3)  occurs  because  the  positive-  and  negative- 
ion  densities  are  nearly  equal  at  altitudes  where  ions  are  important. 

The  values  of  and  at  a  given  altitude  are  not  well  known. 

We  use  an  atomic  weight  of  32  for  M^.  However,  depending  on  altitude, 
values  as  low  as  19  or  as  high  as  50  to  60  are  possible.  Similarly, 
could  range  anywhere  from  one-tenth  to  one-fortieth  of  V^.  We 
follow  current  convention  in  assuming  =  v^/20,  and  use  a  nominal 
profile  for  (e.g.,  Pappert  and  Moler  [1974]). 

Figure  1  shows  that  ions  greatly  outnumber  electrons  at  the  lower 
altitudes,  where  they  dominate  propagation  despite  their  larger  mass. 

By  inserting  the  assumed  numerical  values  into  Eq.  (3),  and  then  com¬ 
paring  the  first  and  second  terms  in  the  parentheses,  we  find  that  a 
transition  from  electron  to  ion  dominance  occurs  at  the  altitude  where 


N 

e 


N~ 

1500  • 


(4) 


For  the  models  shown  in  Fig.  1,  this  criterion  implies  that  signals 
confined  mainly  to  altitudes  below,  say,  50  to  55  km  are  more  strongly 
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af  fected  by  ions  than  electrons.  Of  course,  that  transition  altitude 
will  shift  if  different  values  are  assumed  for  either  the  masses  or 
collision  frequencies. 
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IV.  STRUCTURE  OF  MODES 


Equations  (1)  and  (2)  show  that  each  mode's  contribution  to  the 

total  field  is  proportional  to  the  product  of  four  quantities:  the 

excitation  factor  A,  the  transmitter  height-gain  function  G(h^,),  the 

receiver  height-gain  function  G(h  ),  and  the  propagation  factor 

exp  (-Sd/8.7).  This  section  gives  calculated  values  of  the  four  quan- 

* 

tities  for  the  model  ionosphere  presented  in  Fig.  1  and  a  wide  range 
of  ground  conductivities.  For  convenience,  several  figures  have  been 
reproduced  from  Field  [1975)  and  Field  et  al.  [1976]. 

HEIGHT-GAIN  FUNCTIONS 

The  height-gain  functions  of  a  waveguide  mode  account  for  the 
transmitter  and  receiver  elevations.  A  mode's  contribution  to  the 
total  field  is  proportional  to  the  product  of  the  excitation  factor, 
the  transmitter  height-gain  function,  and  the  receiver  height-gain 
function.  The  two  latter  functions  are  identical  and,  therefore,  equal 
when  both  terminals  are  at  the  same  altitude.  In  that  case,  a  mode’s 
relative  importance  at  a  given  altitude  is  proportional  to  the  product 
of  the  excitation  factor  and  the  square  of  the  height-gain  function. 

Normal  Daytime  Conditions 

Figure  2  shows  the  altitude  dependence  of  the  hieght-gain  func¬ 
tions  G„  and  G  for  the  first  three  TM  modes  (2,  =  1,  2,  3)  and  first 
m  ^ 

two  TE  modes  (m  =  1,  2)  for  normal  daytime  conditions,  0  =  10  mhos/m, 

and  a  frequency  of  20  kHz.  These  functions  exhibit  the  classic  height 
dependence  for  antennas  over  highly  conductive  ground.  That  is,  the 
TM  mode  functions  approximate  unity  over  most  of  the  waveguide,  except 
for  some  rather  sharp  nulls;  but,  above  a  few  kilometers,  the  TE  mode 
functions  increase  sharply  to  values  over  100. 


Some  of  the  results  given  below  are  calculated  from  an  exponen¬ 
tial  fit  to  the  normal-daytime-conductivity  height  profile.  Differ¬ 
ences  between  these  results  and  those  from  the  actual  profile  are  minor. 


-Height-gain  function  versus  altitude  for  first  three  TM  modes  and  first  two 
TE  modes:  normal  daytime  conditions,  o  =  10"3  mhos/m,  and  f  =  20  kHz 
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»  At  higher  frequencies,  the  height  profiles  of  G.  resemble  those 

X,,m 

shown  in  Fig.  2  for  20  kHz.  The  main  difference  is  that  the  height- 
gain  function  of  the  first  TM  mode  develops  a  broad  maximum  in  the  40 
to  60  km  altitude  range  as  the  frequency  increases  above  30  kHz.  Such 
9  "whispering  gallery"  behavior  is  not  important  for  the  ground-based 

and  airborne  terminals  considered  here,  but  could  be  significant  for 
very  high,  balloon-borne  terminals. 

Effects  of  Ground  Conductivity  and  Ionospheric  Disturbances 

Figure  3  shows  the  altitude  dependence  of  the  height-gain  func¬ 
tions  of  the  lowest  TM  and  TE  modes  for  a  disturbance  corresponding 
to  either  a  fairly  strong  nuclear  environment  or  very  strong  SPE. 

Higher  order  modes  are  severely  attenuated  by  such  a  disturbance,  and 
the  lowest  modes  (£,m  «  1)  are  usually  adequate  to  describe  long-range 

_3 

signals.  If  we  compare  the  curves  labeled  a  a  10  mhos/m  in  Fig.  3 
with  the  curves  labeled  £,m  »  1  in  Fig.  2,  we  find  that  the  main  effect 
of  the  disturbance  is  to  confine  the  height-gain  functions  to  lower- 
than-normal  altitudes. 

Of  greater  importance  is  the  dependence  of  the  height-gain  func¬ 
tions  on  ground  conductivity.  Figure  3  shows  that — provided  the  termi¬ 
nals  are  not  too  near  the  ground — the  TE  height-gain  function  is  nearly 
1/2 

proportional  to  a  and,  therefore,  varies  greatly  for  the  range  of 
conductivities  shown.  In  contrast  to  that  behavior,  the  TM  mode  height- 
gain  function  depends  only  slightly  on  ground  conductivity,  particu¬ 
larly  at  altitudes  below  about  15  km  which  are  accessible  to  airborne 
VLF  terminals.  Although  calculated  specifically  for  the  intense  dis¬ 
turbance,  the  dependence  of  height-gain  functions  on  conductivity  shown 
in  Fig.  3  is  typical  of  all  ionospheric  conditions  considered  in  this 
report. 

« 

EXCITATION  OF  MODES 

The  excitation  factor  A  accounts  for  the  efficiency  with  which  a 
mode  is  launched  by  a  ground-based  transmitter.  Usually,  A  is  norraal- 
t  ized  to  unity  for  TM  mode  excitation  by  a  vertical  dipole  in  an  ideal¬ 

ized  waveguide  sharply  bounded  by  perfect  conductors.  Such  normalization 
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Fig.  3--Height-gain  function  versus  altitude  for  first  TM  and  TE  modes: 
intense  disturbance  and  f  =  20  kHz 
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is  accomplished  by  factoring  out  the  "height"  of  the  ionosphere,  which 
is  well  defined  in  the  idealized  situation  [Galejs,  1972].  However, 
our  diffuse  ionospheric  models  have  no  well-defined  boundary.  Conse¬ 
quently,  the  excitation  factors  computed  here  have  units  of  inverse 
distance,  and  are  smaller  than  those  of  other  authors  (e.g..  Wait  and 
Spies  {1964];  Galejs  [1972])  by  a  factor  roughly  corresponding  to  the 
average  height  of  the  ionospheric  region  causing  the  strongest  reflec¬ 
tions.  That  is,  our  excitation  factors  are  defined  to  include  the 
dependence  on  the  effective  width  of  the  waveguide. 


Normal  Daytime  Conditions 

Figure  4  shows  the  frequency  dependence  of  the  calculated  exci¬ 
tation  factor  magnitudes  A.  and  A  for  the  first  three  TM  modes 

in 

(2  *  1,  2,  3)  and  first  two  TE  modes  (m  =  1,  2)  for  normal  daytime 

_3 

conditions  and  a  *  10  mhos/m.  A  ground  dielectric  constant  of  10 
8 

is. assumed  throughout.  At  lower  frequencies,  multiplying  A„  by  nominal 
daytime  reflection  heights  of  6  k  104  to  7  x  104  m  gives  a  result  near 
unity. 

The  first  three  TM  modes  are  excited  about  equally  at  the  lower 
VLF  frequencies,  but,  above  about  30  kHz,  the  higher  order  TM  modes 
are  more  efficiently  excited  than  the  first.  On  the  other  hand,  the 
TE  modes  are  excited  less  efficiently  than  the  TM  modes.  Indeed,  A^ 
exceeds  A^  by  four  or  five  orders  of  magnitude.  Such  behavior  prevents 
ground-based  transmitters  from  radiating  TE  signals  efficiently  at  low 
frequencies.  Again,  the  second  mode  is  more  effectively  excited  than 
the  first. 


Effects  of  Ground  Conductivity  and  Ionospheric  Disturbances 

Figure  5  shows  the  dependence  of  the  first  (m  *  1)  TE  mode's  exci¬ 
tation  factor  on  ground  conductivity  for  normal  and  moderately  disturbed 
conditions.  This  factor  is  proportional  to  l/o,  provided  that  a/wee^ 

is  greater  than  unity.  We  noted  earlier  (from  Fig.  3)  that  the  TE 

1/2 

height-gain  function  is  proportional  to  a  ,  provided  that  the  ter¬ 
minals  are  high  enough.  Therefore,  the  product  A  G  (h_)G  (h  )  [from 

m  m  T  m  R 
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Fig.  4— Excitation  factor  versus  frequency  for  first  three  TM  modes  and 
first  two  TE  modes:  normal  daytime  conditions  and  o  *  10-3  mhos/m 


-18- 


Eq.  (2)]  is  nearly  independent  of  0  for  elevated  terminals,  even  though 

the  individual  factors  A  and  G  depend  strongly  on  a. 

mm  2 

The  above  comments  indicate  that  AG  — rather  than  A — is  the 

quantity  that  accounts  for  mode  excitation.  However,  for  TM  modes  and 

typical  aircraft  altitudes,  the  height-gain  function  G  is  nearly  unity 
2 

and  AJlGj l  **  Ar 

Figures  6  and  7  show  how  excitation  of  the  lowest  TM  and  TE  modes 
depends  on  ground  conductivity.  Figure  6  pertains  to  a  frequency  of 
20  kHz  (representative  of  TACAMO  transmission)  and  Fig.  7  to  a  fre¬ 
quency  of  35  kHz,  which  could  represent  transmissions  from  any  of  sev¬ 
eral  airborne  transmitters  [Kossey  et  al.,  1981].  Both  figures  compare 

the  excitation  under  normal  and  moderately  disturbed  conditions  for 

2 

terminals  elevated  12  km  above  the  ground.  As  before,  we  show  AG  for 

the  TE  mode,  but  only  A  for  the  TM  mode. 

Several  points  should  be  noted  from  Figs.  6  and  7.  First,  the 

disturbance,  which  constricts  the  waveguide,  increases  both  TM  and  TE 

excitation,  since  A  is  inversely  proportional  to  waveguide  width. 

Second,  the  TM  mode  excitation  exhibits  a  broad  maximum  for  conductivi- 

-5  -U 

ties  between,  say,  3  *  10  and  3  *  10  mhos/m.  That  maximum  occurs 
when  the  TM  eigenangle  is  near  the  Brewster's  angle  of  the  ground. 

Third,  the  TE  excitation  is  nearly  independent  of  conductivity — a  con¬ 
sequence  of  TE  signals  having  no  Brewster's  angle. 

Figures  6  and  7  show  that — for  a  terminal  elevation  of  12  km — TM 
excitation  is  somewhat  stronger  than  TE  excitation  for  most  ground  con¬ 
ductivities,  and  much  stronger  in  the  Brewster ' s-angle  maximum.  However, 
as  shown  below  (pp.  24-29)  TM  attenuation  becomes  prohibitive  near  the 
Brewster's  angle  and  destroys  the  beneficial  effects  of  the  enhanced 
excitation. 

The  TM  excitation  curves  in  Figs.  6  and  7  are  valid  for  all  air¬ 
craft  altitudes,  whereas  the  TE  excitation  depends  strongly  on  altitude. 
Figure  8  illustrates  that  altitude  dependence  for  various  ground  con¬ 
ductivities.  In  the  usual  case,  where  transmitter  and  receiver  are  at 
different  altitudes  above  different  types  of  ground, 

EOc[AL/2(aT)G(hT)]  [A1/2(0R)G(hR)j  ,  (5) 
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-Excitation  of  lowest  TM  and  TE  modes  versus  ground  conductivity  a  for 
normal  daytime  and  moderately  disturbed  conditions:  f  =  20  kHz 


-Excitation  of  lowest  TM  and  TE  modes  versus  ground  conductivity  a  for 
normal  daytime  and  moderately  disturbed  conditions:  f  ■  35  kHz 
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where  the  subscripts  T  and  R  denote  quantities  at  the  locations  of  the 

transmitter  and  receiver,  respectively.  Therefore,  to  conveniently 

illustrate  the  field’s  dependence  on  the  conductivity  and  altitude  of 

1/2 

either  terminal.  Fig.  8  shows  A  G  for  the  first  TE  mode. 

The  curves  in  Fig.  8  show  that  TE  excitation  becomes  independent 
of  ground  conductivity  O  for  aircraft  higher  than  about  1.5  km  (>'6000  ft), 
but  depends  strongly  on  a  for  terminals  at  lower  altitudes.  Comparison, 
of  Fig.  8  with  Fig.  7  shows  that  TE  excitation  is  extremely  weak  for 
ground-based  terminals,  particularly  over  well-conducting  ground.  Al¬ 
though  calculated  specifically  for  moderately  disturbed  conditions,  the 
curves  in  Fig.  8  are  typical  of  those  calculated  for  other  ionospheric 
conditions  as  well. 


ATTENUATION  RATES 


Normal  Daytime  Conditions 

Figure  9  plots  attenuation  rate  as  a  function  of  frequency  for  the 

first  three  TM  modes  (Z  *  1,  2,  3)  and  the  first  two  TE  modes  (m  *  1,  2) 

-3 

for  normal  daytime  conditions  and  a  *  10  mhos/m.  The  higher  order 

© 

modes  are  more  heavily  attenuated  than  the  lower,  which  often  allows 
them  to  be  neglected  at  VLF  for  long  pathlengths.  At  higher  frequencies, 
the  attenuation  of  higher  order  modes  can  he  alleviated  by  efficient 
excitation  (as  Fig.  4  shows).  It  is  therefore  necessary  to  retain  many 
terms  in  the  mode  sum,  as  Eqs.  (1)  and  (2)  do,  throughout  the  LF  band 
under  normal  conditions.  In  that  case,  geometric  optics  is  often  a 
more  convenient  approach  to  propagation  analysis  than  is  mode  theory. 


For  intense  disturbances  the  analysis  is  simpler  than  that  for 
ambient  conditions,  since  the  higher  order  modes  are  strongly  attenu¬ 
ated  and  the  mode  sum  can  be  used  well  into  the  LF  regime.  In  fact, 
a  single  mode  often  suffices  to  describe  the  signal.  Figure  9  shows 
that  the  first  TE  mode  is  slightly  less  attenuated  than  the  first  TM 


mode,  although  that  result  depends  on  the  specific  normal  daytime 
conditions  and  ground  conductivity  assumed. 
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Effects  of  Ionospheric  Disturbances 

Figures  10  and  11  show  the  dependence  of  the  lowest  TM  and  TE 
modes'  attenuation  rates  on  the  severity  of  a  disturbance.  The  curves 
pertain  to  several  VLF/LF  frequencies,  and  were  calculated  for  the  case 
of  perfectly  conducting  ground.  The  extreme  left  sides  of  Figs.  10 
and  11  correspond  to  the  normal  daytime  model  shown  in  Fig.  1,  whereas 
the  extreme  right  side  corresponds  to  a  very  intense  disturbance.  In 
addition,  our  calculations  employed  12  intermediate  levels  of  distur¬ 
bance,  including  the  moderate  and  intense  profiles  of  Fig.  1. 

For  all  levels  of  disturbance  shown  in  Figs.  10  and  11,  the  TE 
mode  is  more  heavily  attenuated  than  the  TM  mode.  The  excess  TE  mode 
attenuation  is  plotted  in  Fig.  12.  It  is  seen  to  be  slight  for  normal 
or  weakly  disturbed  conditions,  but  severe  for  moderate  or  intense 
disturbances. 

Although  calculated  for  infinite  ground  conductivity,  the  curves 
shown  in  Figs.  10  through  12  approximate  the  attenuation  rates  if 
O  >  10  3  mhos/m.  However,  we  show  below  that  the  TM  results  change 

_3 

drastically  If  0  <  10  mhos/ra. 

Dependence  on  Ground  Conductivity 

Figures  13  and  14  show  the  dependence  on  ground  conductivity  of 
the  attenuation  rates  of  the  first  TM  and  TE  modes  at  20  and  35  kHz, 
respectively.  Results  are  given  for  normal  daytime  conditions  and  a 
moderate  disturbance,  which  could  be  either  an  SPE  or  a  spread-debris 
nuclear  environment.  The  disturbance  increases  the  attenuation  rate 
of  both  polarizations  over  normal  values.  The  TE  attenuation  rate  is 
virtually  independent  of  ground  conductivity,  whereas  the  TM  rate  ex¬ 
hibits  a  strong,  broad  maximum  for  conductivities  between  3  *  10  3  and 
3  *  10  ^  mhos/m.  The  TM  mode  propagates  somewhat  better  than  the  TE 
mode  for  the  most  common  ground  conductivities,  but  propagates  much 
worse  over  low-conductivity  ground.  The  extreme  sensitivity  of  the 
TM  mode  to  ground  conductivity— combined  with  uncertain  parameter 

values — causes  great  uncertainty  in  the  calculation  of  transpolar  sig-  | 

nals  from  vertical  VLF  transmitters,  particularly  during  ionospheric 
disturbances. 
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Fig.  10--Attenuation  rate  g  of  lowest  TM  mode:  o  *  ®.  The  severity  of  the  disturbance 
increases  continuously  from  normal  daytime  conditions  (extreme  left) 
to  very  intense  (extreme  right). 


-Attenuation  rate  0  of  lowest  TE  mode:  o  =  The  severity  of  the  disturbance 
increases  continuously  from  normal  daytime  conditions  (extreme  left) 
to  very  intense  (extreme  right). 
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•Attenuation  rate  3  versus  ground  conductivity  o  for  normal  and 
moderately  disturbed  conditions:  f  =  20  kHz 
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moderately  disturbed  conditions: 
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The  main  difference  between  the  curves  in  Figs.  13  and  14  is  that 
the  Brewster 's-angle  peak  in  the  TM  attenuation  rate  is  less  pronounced 
at  35  kHz  than  at  20  kHz.  Also,  the  peak  occurs  at  higher  values  of  o 
for  the  higher  frequency. 

COMPARISONS  OF  EXPERIMENT  AND  THEORY 

No  experiments  have  simultaneously  measured  VLF/LF  propagation 
and  ionospheric-conductivity  height  profiles  between  35  and  75  km  dur¬ 
ing  a  widespread  disturbance.  We  therefore  cannot  make  detailed  com¬ 
parisons  between  theory  and  experiment.  Nonetheless,  many  data  sub¬ 
stantiate  the  following  three  theoretically  predicted  TM  mode  phenomena: 
(1)  an  intense,  widespread  ionospheric  disturbance  will  significantly 
degrade  long-path  VLF  signals;  (2)  poorly  conducting  ground  causes  con¬ 
siderable  TM  signal  loss;  and  (3)  an  ionospheric  disturbance  degrades 
TM  signals  more  severely  on  paths  over  poorly  conducting  ground  than 
over  seawater. 

Oelberman  et  al.  [1969]  measured  SPE  effects  on  VLF  propagation, 
and  found  that  the  Seattle-to-Switzerland  signal  typically  decreased 
10  to  20  dB  during  such  an  event.  Westerlund  and  his  colleagues  [1969, 
1973]  found  that  VLF  signals  propagating  across  Greenland  are  sharply 
degraded  by  the  poorly  conducting  ice.  Moreover,  their  data  showed 
that  SPEs  cause  much  greater  signal  loss  on  paths  that  cross  Greenland 
than  on  paths  over  seawater. 

Field,  Greifinger,  and  Schwartz  [1972]  compared  calculations  with 
data  from  a  laboratory  model  that  simulated  VLF  TM  propagation  in  the 
earth-ionosphere  waveguide.  Both  calculations  and  data  showed  that 
(1)  lowering  the  waveguide's  upper  boundary  increased  the  signal's 
attenuation,  (2)  severe  attenuation  occurred  over  a  simulated  ice  cap, 
and  (3)  lowering  the  waveguide  boundary  caused  much  greater  signal  loss 
over  the  simulated  ice  cap  than  over  simulated  seawater.  Mode-coupling 
at  the  seawater/ ice-cap  boundary  was  noted  in  the  data  but  not  included 
in  the  calculations. 

The  above  data  pertain  solely  to  TM  signals  from  ground-based 
vertical  transmitters.  To  our  knowledge,  no  data  exist  for  long-range 
TE  signals  propagating  through  disturbed  regions  or  over  the  ice  cap. 
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However,  the  Rome  Air  Development  Center  has  made  TE  measurements  of 
20  kHz  TACAMO  transmissions  under  normal  conditions  [Kossey  et  al., 
1981].  These  signals — radiated  from  a  nearly  horizontal  trailing-wire 
antenna — exhibited  height-gain  functions  that  closely  resembled  those 
shown  in  Fig.  2  for  the  entire  width  of  the  earth-ionosphere  waveguide. 
Moreover,  measurements  of  a  AO  kHz  signal  from  a  trailing-wire  antenna 
on  an  aircraft  at  30,000  ft  altitude  showed  Chat  the  TE  signal  exceeded 
the  TM  signal  at  distances  up  to  1  Mm  (where  measurements  were  termi¬ 
nated)  and  filled  spatial  nulls  exhibited  by  the  TM  signal. 


V.  DISCUSSION 


This  section  describes,  quantitatively,  the  most  relevant  features 
of  TE  and  TM  signals  propagating  between  airborne  terminals,  using  the 
results  of  Sec.  IV. 

EXCITATION  EFFICIENCY 

We  begin  by  comparing  the  amplitude  of  the  TE  and  TM  fields  radi¬ 
ated  by  an  inclined  trailing-wire  antenna.  Equations  (1)  and  (2)  show 
that,  for  long  propagation  paths  where  a  single  mode  adequately  repre¬ 
sents  the  signal,  the  ratio  of  the  broadside  TE  to  TM  field  strengths 
is 


tan  ip 


A  G  (h) 
m  m 


(6) 


where  hT  =  hR  *  h,  Sal,  and,  at  aircraft  altitudes,  rb  1. 

The  exponential  term  in  Eq.  (6)  accounts  for  propagation.  We 
define  the  other  terms  to  be  the  relative  excitation  efficiency,  which 
is  given  by 


£r  =  tan  ip 


A  G2 (h) 
m  m 


m,  £=1 


(7) 


The  quantity  £  denotes  the  ratio  of  the  broadside  excitation  effi- 
K 

ciency  of  the  lowest  TE  mode  to  that  of  the  lowest  TM  mode.  Equation 

(7)  shows  that  <£R  is  proportional  to  the  tangent  of  the  inclination 

angle  of  the  transmitting  antenna.  It  is  infinite  for  horizontal 

(<j)  «  908)  antennas  and  zero  for  vertical  (ip  m  0°)  ones. 

Figures  6  and  7  show  that,  for  high-flying  aircraft  over  typical 

2 

ground,  the  quantity  ^G^/A^  has  a  magnitude  of  approximately  0.5. 
Thus,  an  antenna  having  equal  vertical  and  horizontal  components 


(ip  *  45°)  would  excite  a  TE  component  several  decibels  weaker  than 
the  TM  component.  However,  \p  attains  values  of  75  to  80  deg  for  high¬ 
speed  aircraft,  and  tan  lies  between  3.75  and  5.75.  Under  such  con¬ 
ditions,  the  TE  component  is  several  decibels  stronger  than  the  TM. 

That  conclusion  is  borne  out  by  TE/TM  measurements  made  on  LF  signals 
radiated  by  high-speed  aircraft  (e.g.,  Kossey  et  al.  [1981]). 

The  above  points  apply  to  aircraft  at  altitudes  between  35,000 
and  40,000  ft.  For  lower  altitudes,  the  TE  signal  becomes  weaker  (Fig. 
8),  whereas  the  TM  signal  remains  nearly  constant.  The  quantity  £ 

K 

exceeds  unity  for  high-speed  aircraft  if  the  altitude  exceeds  about 
20,000  ft. 

Figures  6  and  7  show  that  the  TM  signal  is  more  strongly  excited 

than  the  TE  signal  if  ground  conductivity  is  between  3  x  10  ^  and 
-4 

3  x  10  mhos/m.  However,  Figs.  13  and  14  show  that  the  TM  attenua¬ 
tion  rate  also  exhibits  a  strong  Brewster ' s-angle  peak  at  those  con¬ 
ductivities.  As  discussed  below,  such  a  peak  attenuation  destroys  the 
benefits  of  the  enhanced  excitation,  except  for  very  short  propagation 
paths. 

ATTENUATION 

The  difference  in  propagation  loss  between  the  lowest  TE  and  TM 
modes  is 


4ti  -  -  K-i  -  6*.i] d 


dB  . 


(8) 


Figures  13  and  14  show  that  the  difference  between  the  attenuation 
rates  of  the  first  TE  and  TM  modes  is  slight  for  normal  daytime  and 
typical  ground  conductivities.  Under  such  circumstances,  ATL  is  small 
and,  therefore,  the  excitation  efficiency  governs  the  relative  magni¬ 
tudes  of  TE  and  TM  signals  out  to  considerable  ranges.  However,  the 
TE  and  TM  attenuation  rates  differ  substantially  either  under  disturbed 
conditions  or  during  propagation  over  poorly  conducting  ground.  In 
those  two  circumstances,  the  relative  magnitudes  of  the  fields  depend 
more  strongly  on  propagation  loss  chan  on  excitation. 
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Figure  13  shows  that  for  a  frequency  of  20  kHz  and  poor  ground 
conductivity,  0.  ,  can  exceed  6  ,  by  more  than  10  dB/Mm.  It  follows 

from  Eq.  (8)  that  the  propagation  loss  suffered  by  the  TM  signal  will 
exceed  that  suffered  by  the  TE  signal  by  several  tens  of  decibels  for 
pathlengths  of  a  few  megameters.  Such  excess  attenuation  destroys  the 
advantage  in  excitation  enjoyed  by  the  TM  signal  for  propagation  near 
the  Brewster's  angle.  Figure  14  shows  that  this  effect  is  present — 
although  less  pronounced — in  the  LF  band.  Thus,  TE  signals  appear 
better  suited  for  VLF  air-to-air  links  over  areas  of  poorly  conducting 
ground,  such  as  exists  throughout  Greenland  and  much  of  Canada. 

Figure  12  shows  that  moderate-to-intense  ionospheric  disturbances 

can  cause  0  ,  to  exceed  &.  ,  by  10  to  25  dB/Mm  at  VLF,  and  5  to  15 

in*  l  jC—  l 

dB/Mm  at  LF.  Under  such  circumstances,  ATL  will  be  negative  and  have 
a  magnitude  of  several  tens  of  decibels  for  long  paths.  TE  signals 
are  therefore  less  well  suited  than  TM  signals  for  long-range  propa¬ 
gation  under  moderately  or  severely  disturbed  ionospheric  conditions. 


PROTECTION  AGAINST  GROUND-BASED  JAMMER 

Figure  3  shows  that  strong  ionospheric  disturbances  cause  the 
fields  to  be  confined  to  altitudes  below  60  km,  where  frequent  colli¬ 
sions  between  charged  and  neutral  particles  almost  totally  suppress 
geomagnetic  effects.  Under  such  conditions,  a  vertical  antenna  excites 
no  usable  TE  signal,  and  jamming  must  be  accomplished  with  horizontal 
antennas . 

It  can  be  shown  from  Eq.  (5)  that  a  high-altitude  airborne  trans¬ 
mitter  achieves  the  following  advantage,  AJ,  over  a  TE  jammer: 


AJ  =  20  log 


10 


LAi/2(wv  v 


dB  , 


(9) 


m-1 


where  the  subscript  J  denotes  parameters  pertaining  to  the  location 

1/2 

of  the  jammer.  Figure  8  shows  that  A  G  is  independent  of  conduc¬ 
tivity  if  the  terminal  is  higher  than  about  1.5  km,  whereas  the 


height-gain  function  C  is  unity  if  h  ■  0.  Therefore,  when  a  high- 
altitude  transmitter  is  countered  by  a  ground-based  jammer,  Eq.  (9) 
can  be  rewritten  in  the  simpler  form 


AJ  =  20  log 


10 


*i;2w 


dB 


(10) 


which  depends  only  on  the  transmitter  altitude  and  the  ground  conduc¬ 
tivity  at  the  jammer. 

Numerical  values  for  AJ  can  be  obtained  directly  from  Fig.  8  by 
noting  that  G  =  1  for  h  =  0.  For  the  usual  case  where  ground  conduc- 

_3 

tivity  exceeds  10  mhos/m,  a  transmitter  above  20,000  ft  would  have 

at  least  a  40  dB  advantage  over  a  ground-based  jammer.  That  advantage 

-4 

is  reduced  to  about  30  dB  If  O  =  10  mhos/m  and  to  about  20  dB  if 
-5  J 

Oj  =  10  mhos/m.  However,  such  low  conductivities  are  unlikely  to 
occur  at  optimum  locations  for  ground-based  enemy  jammers. 

The  signal-to-jammer  ratio  is  independent  of  receiver  height, 
because  both  the  communication  and  jamming  signals  have  the  same  alti¬ 
tude  dependence  at  long  ranges.  At  short  ranges,  the  signal-to-jammer 
ratio  has  a  complicated  height  dependence  because  of  many  contributing 
waveguide  modes. 

The  above  discussion  concerns  only  disturbed  conditions,  where 
geomagnetic  conversion  is  negligible.  Calculations  and  measurements 
have  shown  that,  during  normal  daytime,  geomagnetic  conversion  can 
cause  a  vertical  antenna  to  excite  an  elliptically  polarized  signal 
with  a  horizontal  component  20  percent  as  strong  as  the  vertical  com¬ 
ponent  [Kossey,  1981;  Moler,  19801.  Such  conversion  of  vertical-to- 
horizontal  polarization  is  even  stronger  during  normal  nighttime. 
Therefore,  under  normal  conditions,  a  powerful,  vertically  polarized, 
ground-based  jammer  could  degrade  the  performance  of  an  air-to-air  TE 
link,  although  less  seriously  than  it  could  a  comparable  TM  link. 
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SIGNAL-TO-NOISE  RATIO  OF  TE  LINKS 

Thus  far  we  have  addressed  the  behavior  of  TE  and  TM  signals  under 
various  conditions.  However,  signal-to-noise  ratio  (SNR),  rather  than 
signal  strength  alone,  governs  the  performance  of  a  communication  link. 
Accordingly,  we  now  describe  the  dependence  of  the  TE  SNR  on  the  alti¬ 
tudes  of  the  terminals. 

It  follows  from  Eq.  (5)  that 


SNR  OC 


f*1 

L  ra 


1/2, 


G<v][,'i/2G(h 


R>] 


N  +  N_ 
a  T 


N„ 


m=l 


(11) 


for  TE  air-to-air  links,  where  N^,  N^,,  and  Np  denote  atmospheric, 
platform,  and  receiver  noise,  respectively.  The  variation  of  SNR  with 
receiver  altitude  depends  on  whether  the  link  is  system-noise-limited 
(N,j,  +  Np  »  Ng)  or  atmospheric-noise-limited  (N^  »  Np  +  Np)  .  The 
relative  importance  of  the  three  types  of  noise  depends  on  the  type 
of  aircraft,  the  location  of  the  receiver  on  the  aircraft,  and  the 
degree  of  platform-noise  suppression  achieved. 

If  the  link  is  system-noise-limited,  the  denominator  in  Eq.  (11) 
is  nearly  independent  of  altitude,  and  the  SNR  has  the  same  altitude 
dependence  as  the  signal  [see  Eq.  (5)].  If  the  link  is  atmospheric- 
noise-  limited,  Eq.  (11)  becomes  approximately 


SNR  OC 


Ai/2w 

L  m  m  T 


I” A1/2G  (h  ) 
J  L  m  nr  R  _ 


m*l 


(12) 


Atmospheric  noise  propagates  from  distant  thunderstorms  in  the  earth- 
ionosphere  waveguide,  in  much  the  same  manner  as  a  signal.  Therefore, 
the  altitude  dependence  of  pure  TE  noise  is  governed  by  the  height- 
gain  function  of  the  dominant  waveguide  modes. 


* 

Impulsive  noise  from  nearby  thunderstorms  can  be  removed  by 
using  nonlinear  processing,  such  as  clipping. 
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For  long-path  single-mode  propagation,  such  dependence  is  given 
by 


N  oc  |a;J;/2G  (h  ) 1  ,  (13) 

a  L  m  m  R  J  m-1 

which,  when  combined  with  Eq .  (12),  gives 

SNR  oe  A1/2G  (h  ) 1  ,  if  N  »  N  +  N  .  (14) 

LmmTJm=l  a  PT 

Equation  (14)  shows  that  SNR  depends  on  transmitter  altitude — but  not 
receiver  altitude — in  an  atmospheric-noise-limited  situation.  Inde¬ 
pendence  of  receiver  altitude  is  typical  of  atmospheric-noise-limited 
links.  A  well-known  example  is  a  submerged  receiver,  where  the  SNR 
is  independent  of  depth  because  signal  and  noise  are  equally  attenu¬ 
ated  by  seawater. 

The  above  discussion  applies  only  when  geomagnetic  conversion  is 
unimportant,  and  TE  modes  can  exist  independently  of  TM  modes.  Other¬ 
wise,  geomagnetically  converted  TM  noise  must  be  accounted  for. 


» 


» 
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